We employed quantitative autoradiography to examine the distribution of thyrotropin-releasing hormone (TRH) receptors in the rat CNS. Moderate TRH receptor concentrations were found within the thalamus and hypothalamus, in most regions of the rhombencephalon, such as the cranial nerve nuclei, and in the substantia gelatinosa of the spinal cord. Neocortex and basal ganglia contained low densities of TRH receptors. This distribution correlates well with the sensitivity of brain regions to the known effects of TRH, and suggests that TRH receptors may mediate the actions of TRH in the rat CNS.
Thyrotropin-releasing hormone (TRH) was initially isolated and characterized on the basis of its hypophysiotropic actions (Boler et al., 1969; Burgus et al., 1969) . Sequencing revealed its tripeptide structure as pyroglutamyl-histidyl-prolyl-amide. The development of a radioimmunoassay for TRH (Bassiri and Utiger, 1972) led to studies of its distribution throughout the central nervous system. In addition to being highly concentrated in the hypothalamus, TRH was demonstrated to be present in numerous sites throughout the brain (Brownstein et al., 1974; Jackson and Reichlin, 1974a; Oliver et al., 1974; Winokur and Utiger, 1974) . To date, TRH has also been demonstrated within olfactory bulb (Kreider et al., 1981; Stanton et al., 1982; Dluzen and Ramirez, 1983) , and spinal cord (Kardon et al., 1977; Leppaluoto et al., 1978) . A wide variety of species have been shown to contain substantial amounts of TRH, including rat (Leppaluoto et al., 1978; Spindel and Wurtman,' 1980) , frog (Jackson and Reichlin, 197413; Taurog et al., 1974) , ground squirrel (Stanton et al., 1982) , salamander (Taurog et al., 1974) , chicken, snake, and salmon (Jackson and 1 Portions of this work were completed by the first author in partial fulfillment of the Ph.D. degree from the University of Pennsylvania. The work has been supported by National Institutes of Health Medical Scientist Training Program Grant 5-T32-GM07170 to S. M., National Institute of Mental Health Research Scientist Development Award MH00044, and National Institutes of Health Grants NS 18332 to A. W., and NS 19597, NS 20006 , and fellowships from the Alfred P. Sloan Foundation and the Esther A. and Joseph Klingenstein Fund to T. C. R. The authors also express their thanks to Pamela Knight, Marion Nakada, and Caroline Wieczorek for their expert technical assistance. Reichlin, 1974b) , and human (Okon and Koch, 1976; Kubek et al., 1977; Parker and Porter, 1983) .
More specific regional localization of TRH has been evaluated by means of the nuclei-punch technique of Palkovits (1973) . TRH is distributed in rat hypothalamic and forebrain nuclei (Brownstein et al., 1974) , brainstem nuclei (Kubek et al., 1983) and grey matter of the spinal cord (Kardon et al., 1977) . Immunocytochemical studies (Hokfelt et al., 1975a (Hokfelt et al., , 1975b revealed TRH-containing cell bodies within the hypothalamus and brainstem, and TRH-containing fibers within the septal region of the rat. Burt and Snyder (1975) first demonstrated receptor binding of tritiated TRH to membrane homogenates of rat brain tissue. Gross dissection of rat (Burt and Snyder, 1975) , monkey (Ogawa et al., 1981) , and sheep (Burt and Taylor, 1980) brains to investigate the regional distribution of TRH receptors showed high receptor concentrations in membrane homogenates from the hypothalamus, amygdala, hippocampus, midbrain, and cerebral cortex. However, the results of these studies were complicated by binding of the ligand to filter blanks, and by the presence of a low affinity binding site in the homogenates which alone could account for up to two-thirds of the specific binding seen (Burt and Snyder, 1975) . These technical difficulties have been overcome by using tritiated (3-Me-His*)-TRH (MeTRH), an analog known to have up to lo-fold higher potency than TRH in both effecting hormonal release (Vale et al., 1971; Sowers et al., 1976a, 197613; Dannies and Markell, 1980) and binding to pituitary membrane receptors (Grant et al., 1973; Hinkle et al., 1974) . Studies of MeTRH binding to membrane homogenates from brain regions obtained by gross Vol. 5, No. 1, Jan. 1985 dissection from rat (Simasko and Horita, 1982) , sheep (Taylor and Burt, 1981) , chicken (Thompson et al., 1981), guinea pig, rabbit, cat, dog, cow, and pig (Taylor and Burt, 1982) , mouse, and fish (Burt and Ajah, 1984) have all yielded consistent results. In addition, Sharif and Burt (1983) (Palacios, 1983; Rostene et al., 1983; Pilotte et al., 1984) , guinea pig brain (Palacios, 1983) , and rabbit spinal cord (Sharif and Burt, 1983 binding to sections through rat amygdala began to saturate at ligand concentrations greater than 10 nM. Linear Scatchard curves were generated with seven ligand concentrations ranging from 0.3 to 22.9 nM. We obtained a Kd of 5.80 f 0.64 nM, which compares well with previous reports (Taylor and Burt, 1981; Simasko and Horita, 1982; Thompson et al., 1981; Burt and Ajah, 1984 Tables III and IV) . Receptors were discretely localized throughout the CNS, with highest concentrations present in rhinencephalic structures. Areas of the olfactory apparatus, the entire amygdala and adjacent regions, and discrete sites within the hippocampus and septum contained moderately high (100 to 200 fmol/mg of protein) to very high (200 to 400 fmol/mg of protein) concentrations of TRH receptors. Moderate densities (50 to 100 fmol/mg of protein) of TRH receptors were observed in the brainstem, spinal cord, hypothalamus, and thalamus. Finally, the basal ganglia, neocortex, and cerebellum possessed low levels (less than 50 fmol/ mg of protein) of TRH receptors. Throughout the CNS, nonspecific binding did not exceed film background measured by densitometry, and was visually equivalent to film background. Although regions may appear homogeneously gray (e.g., cerebellum in Fig. lJ A discrete pattern of labeling was noted within the septal area of the rhinencephalon.
The bed nucleus of the stria terminalis, the septohypothalamic nucleus, and the islands of Calleja Major all contained high concentrations of TRH receptors, as did both the vertical and the horizontal limbs of the diagonal band of Broca. The taenia tecta, medial septum, septohippocampal nucleus, and columns of the fornix each possessed more moderate densities of TRH receptors. Low levels of TRH receptors were found in the lateral septum and the olfactory tubercle.
In contrast to the rhinencephalon, the concentration of TRH receptors in the mesencephalon and the rhombencephalon were moderate, generally ranging from 50 to 100 fmol/mg of protein. Several nuclei of the reticular formation, the dorsal medial raphe, and the locus ceruleus all contained TRH receptors in concentrations of 50 to 75 fmol/ Figure 1 . Distribution of TRH receptors in rat brain and spinal cord determined by quantitative autoradiography. Frozen 32-pm thick sections of rat brain and spinal cord were labeled as described in the text with 10 nM [3H]MeTRH, and apposed to LKB Ultrofilm for 2 months to generate autoradiograms. The visual contribution of nonspecitic binding was equivalent to the binding over white matter. Each of the frames A to M represents a coronal level from the atlas of Paxinos and Watson (1982) . A, level 4: AOB, accessory olfactory bulb; GrA, granular layer of the accessory olfactory bulb; OB, olfactory bulb. B, level 7: Fr, frontal cortex; TT, taenia tecta, OZf N., anterior olfactory nuclei. C, level 11: CPU, caudate putamen; TT, taenia tecta; ICjM, islands of Calleja Major; SHi, septohippocampal nucleus. D, level 14: MS, medial septum; DB, diagonal band of Broca; En, endopiriform nucleus; RF, rhinal cortex. E, level 17: PVA, paraventricular thalamic nucleus; BSTPO, preoptic bed nucleus of the stria terminalis; LH, lateral hypothalamus; SC%, suprachiasmatic nucleus. F, level 20: Hi, dorsal hippocampus; DM, dorsomedial hypothalamus; Me, medial nucleus, amygdala; ACo, anterior cortical nucleus, amygdala; La, lateral nucleus, amygdala; BL, basolateral nucleus, amygdala. G, level 24: DG, ventral dentate gyrus; S, subiculum; MN, mammillary nuclei; PCo, posterior cortical nucleus. H, level 29: SuC, superior colliculus; Str, striate cortex; CG, central gray; RF, rhinal cortex. Z, level 33: ZC, inferior colliculus; LC, locus ceruleus; DR, dorsal raphe; PB, parabrachial nucleus. J, level 35: Cb, cerebellum; 7, facial nucleus; MVe, medial vestibular nucleus; LVe, lateral vestibular nucleus. K, level 38: Sol, solitary nucleus and tract; PCRt, parvocellular reticular nucleus; PGi, paragigantocellular reticular nucleus. L, level 41: Sol, solitary nucleus and tract; 12, hypoglossal nucleus; 20, dorsal motor nucleus; LRt, lateral reticular nucleus. M, level 68: SG, substantia gelatinosa; DH, dorsal horn; VH, ventral horn; CC, central canal.
TABLE IV
Concentration of TRH receptors in rat spinal cord Frozen 32-pm thick spinal cord sections were labeled as described in the text with 10 nM [3H]MeTRH, and apposed against LKB Ultrofilm for 2 months to generate autoradiograms. Spinal cord sections were taken from cervical, thoracic, lumbar, and sacral levels. Serially cut sections at each level were used for determination of total and nonspecific binding. In contrast to the cranial nerve nuclei, no rostrocaudal varinuclei possessed less than half the density of TRH receptors ation was seen in the moderate levels of TRH receptors present throughout the length of the spinal cord ( Fig. 1; Table 4 ). The TRH receptor concentration in the substantia gelatinosa (98.0 f 9.5 fmol/mg of protein) was the highest of any spinal cord region. The intermediolateral column of the thoracic cord contained a moderate density of TRH receptors. The dorsal and ventral horns and the central canal possessed moderate densities of TRH receptors ranging from 50 to 80 fmol/mg of protein.
The diencephalon was also moderately dense in TRH receptors. Within the hypothalamus, TRH receptor concentrations ranged from 50 to 100 fmol/mg of protein in many nuclei, including the periventricular, paraventricular, arcuate, ventromedial, and dorsomedial nuclei. Regions such as the lateral and medial preoptic areas and the lateral hypothalamus also contained moderate densities of TRH receptors. However, the posterior and the suprachiasmatic nuclei contained high concentrations of TRH receptors, exceeding 100 fmol/mg of protein each. The median eminence, containing only 36 fmol/mg of protein, was also an exception to the moderate levels of TRH receptors seen in the hypothalamus.
The thalamic diencephalon contained moderate to low levels of TRH receptors. Within the thalamus, we observed low levels of TRH receptors (habenular, centromedial, gelatinosus, and lateral posterior nuclei) and moderate levels of TRH receptors (intermediodorsal and reuniens nuclei). The single thalamic structure containing a high concentration of TRH receptors was the paraventricular nucleus (135.1 f 10.4 fmol/mg of protein).
In more recently evolved regions of brain, including neocortex and basal ganglia, we observed low levels of TRH receptors. This labeling, though of low magnitude, clearly exceeded background binding levels. The accumbens nucleus, caudate putamen, and ventral palladium each possessed less than 30 fmol/ mg of protein. Neocortical regions, such as striate and cingulate cortex, also possessed low levels of TRH receptors, with all cortical layers homogeneously labeled.
[3H]MeTRH labeled the cerebellum homogeneously and in low levels (14.5 f 4.1 fmol/mg of protein). No differences in regions of cerebellar cortex or nuclei were detectable.
Discussion
We have shown, by quantitative autoradiography, the distribution of TRH receptors throughout the rat CNS ( Fig. 1 ; Tables  3 and 4) . Highest concentrations of TRH receptors were localized to the rhinencephalon, including the accessory olfactory bulb, ventral hippocampus, and amygdala. Moderate TRH receptor densities were found in the diencephalon, rhombencephalon, and spinal cord. Recently evolved regions of brain, such as neocortex and basal ganglia, contained low levels of TRH receptors.
Our results agreed with the localization of TRH receptors described by membrane homogenate techniques of other groups (Burt and Snyder, 1975; Simasko and Horita, 1982; Taylor and Burt, 1982) . All groups showed high labeling in the amygdala, hypothalamus, and rhinal cortex, with more moderate labeling in diencephalic, mesencephalic, and rhombencephalic structures. All found little receptor labeling in the neocortex, basal ganglia, and cerebellum. Few important differences were observed between studies, and the differences noted were probably due to variations in technique. For example, Taylor and Burt (1982) reported relatively high concentrations in the nucleus accumbens, which we found to be extremely low in TRH receptors. However, the gross dissection technique used to obtain nucleus accumbens tissue may have included regions of the taenia tecta, islands of Calleja Major, bed nucleus of the stria terminalis, diagonal band of Broca, or medial septum which contained significant concentrations of TRH receptors.
The distribution of TRH receptors in brain regions observed in the present study differed substantially from the pattern of localization of TRH seen in previous reports (Brownstein et al., 1974; Eskay et al., 1983; Kubek et al., 1983) . For example, very high levels of TRH receptors are found in the nuclei of the amygdala and ventral hippocampus, regions reported to contain low concentrations of endogenous TRH. Conversely, high TRH concentrations have been observed in median eminence and olfactory bulb, yet these areas contain low levels of TRH receptors. However, only limited information is available on the quantitative distribution of TRH in nuclei and subregions of rat brain. Moreover, a direct comparison of the regional distributions of TRH and TRH receptors should optimally be carried out in the same study. If such a comparison substantiated the lack of correspondence between TRH and its receptors, it would represent another example of the inconsistent relationship previously reported for the distributions of many other neurotransmitters and neuromodulators and their respective receptors (Kuhar, 1981) .
While there is a lack of correspondence between the distribution of TRH and its receptors, a good correspondence exists betwelm the distribution of TRH receptors and the effects of exogenously applied TRH. Microiontophoretically applied TRH lowers neuronal firing rates in the preoptic area, the septum, and the hypothalamus, but not in the cerebral cortex (Dyer and Dyball, 1974; Renaud and Martin, 1975; Renaud et al., 1975; Winokur and Beckman, 1978) . The medial and lateral preoptic areas, numerous structures within the septal area, and all the hypothalamic nuclei contain greater TRH receptor concentrations than the frontal cortex. In microinjection studies, regions which show the greatest response to TRH are areas containing moderate to high densities of TRH receptors. Wei et al. (1975) elicited shaking behaviors after microinjecting TRH into the central gray, medial thalamus, medial preoptic area, and the medial hypothalamus. Boschi and Rips (1981) elicited a hyperthermia after microinjection of TRH into the diagonal band of Broca, the medial and lateral preoptic areas, and the anterior and lateral hypothalamus. Kalivas and Horita (1979) reversed pentobarbital narcosis with microinjection of TRH into the septum, medial preoptic area, medial thalamus, locus ceruleus, and mesencephalic periventricular gray. Additionally, Kalivas and Horita (1980) demonstrated the diagonal band of Broca and the medial septal nucleus to be more sensitive to the effect of TRH in reversing pentobarbital narcosis than the lateral septal nuclei. These regions of physiologic sensitivity to TRH administration correspond closely to the relative distribution of TRH receptors in the septum.
Other studies indicate possible effects of exogenously applied TRH in regions where we find low levels of TRH receptors. Miyamota and Nagawa (1977) and Heal and Green (1979) microinjected TRH into the nucleus accumbens of rats to elicit locomotion, along with several other associated behaviors. We, unlike Taylor and Burt (1982) , failed to see significant levels of TRH receptors in the nucleus accumbens. Rather, the effect may be secondary to local spread of TRH to immediately adjacent regions, such as the diagonal band of Broca and the islands of Calleja Major, that were highly concentrated with TRH receptors. Stanton et al. (1980) microinjected TRH into the dorsal hippocampus of the ground squirrel, producing arousal from hibernation, and elevation of body temperature and metabolic rate. However, greater densities of TRH receptors were seen ventrally within the hippocampus. It is possible that regional differences in TRH receptor density in the hippocampus existed as a function of species differences.
While iontophoretic and microinjection studies with TRH suggest that some TRH receptors are postsynaptic on neurons, it is conceivable that some TRH receptors are presynaptic. For example, the distribution of TRH receptors in the rat CNS resembled the distribution of norepinephrine terminals. The accessory olfactory bulb (Fallon and Moore, 1978), the bed 
